TITLE OF THE INVENTION 

MOTOR CONTROL APPARATUS AND ELECTRIC VEHICLE USING SAME 



BACKGROUND OF THE INVENTION 

1 . Field of the Invention 

The present invention relates to a motor control 
apparatus and an electric motor using the same, and more 
particularly, to a motor control apparatus and an electric 
motor using the same which are suitable for use in a 
magnetic pole position estimation system for estimating a 
magnetic pole position of an alternating current (AC) 
synchronous motor , 

2. Description of the Related Art 

Generally, since the phase of an AC voltage 
applied to a synchronous motor is determined by a current 
magnetic pole position of a rotor, exact pole positions of 
the rotor are required for controlling the synchronous 
motor. A torque and speed of the synchronous motor can be 
controlled by conducting a current control or a voltage 
control based on the detected magnetic pole position. In 
recent years, a magnetic pole position sensor-less control 
system has been proposed for controlling a synchronous motor 
without using a position detector for detecting the magnetic 
pole position- Since a synchronous motor control apparatus 
based on the magnetic pole position sensor-less control 
system eliminates a position detector, the control apparatus 
could experience a problem of out -of -synchronism due to 
erroneous detection of magnetic pole position. 



To solve this problem, for example, as described 
in JP-A- 9- 294390 , a conventionally known synchronous motor 
control apparatus sets a determination level for an 
effective current value of a stator winding, and detects the 
out -of -synchronism when the effective current value of the 
stator winding exceeds the determination level, and a power 
factor angle between a voltage applied to the stator winding 
and a stator winding current reaches a value close to 90-. 

Also, as described in JP-A- 11- 55994 , a known 
synchronous motor control apparatus detects a phase 
difference between an output voltage and an induced voltage 
of a synchronous motor, calculates a difference between the 
frequency of an output voltage to the synchronous motor and 
the rotational speed of the synchronous motor from a 
changing rate of the detected phase difference value, and 
controls or changes the frequency of the output voltage to 
the synchronous motor by a frequency proportional to the 
calculated difference to prevent the out -of -synchronism. 

However, the system described in JP-A-9-294390 
requires complicated operations involved in calculating a 
square root for finding the effective current value of the 
stator winding of the motor and in calculating the power 
factor angle. 

The control apparatus described in JP-A- 11 -55994 , 
in turn, is applied to a system for estimating a magnetic 
pole position using an induced voltage generated by a motor, 
so that this control apparatus cannot be used in a carrier 
synchronized position estimating method which estimates a 
magnetic pole position of a rotor based on a current of the 
motor detected in synchronism with a carrier of a PV/M 



signal. 



SUMMARY OF THE INVENTION 

It is an object of the present invention to 
provide a synGhxonous motor control apparatus and an 
electric vehicle using the same which have applications in 
the carrier synchronized position estimating method as well, 
and have protection-related functions such as detection of 
an inverted magnetic pole position of a motor in a simple 
method - 

To achieve the above object, the present invention 
provides a motor control apparatus for controlling a voltage 
applied to an alternating current (AC) motor using a PWM 
signal. The motor control apparatus includes magnetic 
position estimating means for detecting a current of the AC 
motor to estimate a magnetic pole position of the AC motor, 
and fault detecting means for detecting a fault in an 
estimated magnetic pole position of the AC motor. 

With the configuration described above, the motor 
control apparatus of the present invention can be applied to 
the carrier synchronized position estimating method as well 
and have protection-related functions such as detection of 
inverted magnetic pole position of a motor in a simple 
method. 

Preferably, in the motor control apparatus, the 
fault detecting means includes means for calculating 
instantaneous power by multiplying a current value by a 
voltage value of each phase of the AC motor, such that the 
fault detecting means detects inversion of an estimated 
magnetic pole position by comparing the instantaneous power 



with power determined from a torque command and a rotational 
speed of the AC motor . 

Preferably, in the motor control apparatus, the 
fault detecting means includes means for detecting an input 
voltage and an input current from, a direct current (DC) 
power supply, such that the fault detecting means detects 
inversion of an estimated magnetic pole position by 
comparing power of the DC power supply with power determined 
from a torque command and a rotational speed of the AC 
motor . 

Preferably, in the motor control apparatus, the 
fault detecting means includes means for detecting an input 
current from DC power supply, such that the fault detecting 
means detects inversion of an estimated magnetic pole 
position by comparing the sign of the DC current with power 
determined from a torque command and a rotational speed of 
the AC motor. 

Preferably, in the motor control apparatus, the 
magnetic pole position estimating means applies an AC pulse 
voltage signal in a d-axis direction on a rotating 
coordinate system of the AC motor to estimate a magnetic 
pole position of the AC motor from a difference between a 
current generated when the AC pulse voltage signal is 
applied in a positive direction and a current generated when 
the AC pulse voltage signal is applied in a negative 
direction, and the fault detecting means detects inversion 
of an estimated magnetic pole position from a phase 
difference between a voltage command vector and the d-axis 
on the rotating coordinate system recognized by the control 
apparatus . 



Preferably, in the motor control apparatus, the 
magnetic pole position estimating means applies an AC pulse 
voltage signal in a d-axis direction on a rotating 
coordinate system of the AC motor to estimate a magnetic 
pole position of the AC motor from a difference between a 
current generated when the AC pulse voltage signal is 
applied in a positive direction and a current generated when 
the AC pulse voltage signal is applied in a negative 
direction, and the fault detecting means detects inversion 
of an estimated magnetic pole position by comparing a 
voltage command vector on the q-axis on the rotating 
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C' coordinate system with a rotating direction of the AC motor. 
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~: Preferably, in the motor control apparatus, the 

^ magnetic pole position estimating means applies an AC pulse 

3 voltage signal in a d-axis direction on a rotating 

=33 coordinate system of the AC motor to estimate a magnetic 

Q pole position of the AC motor from a difference between a 

H current generated when the AC pulse voltage signal is 

applied in a positive direction and a current generated when 
the AC pulse voltage signal is applied in a negative 
direction, and the fault detecting means detects inversion 
of an estimated magnetic pole position and out-of- 
synchronism by monitoring a current difference value on the 
d-axis on the rotational coordinate system. 

Preferably, in the motor control apparatus, the 
magnetic pole position estimating means applies an AC pulse 
voltage signal in a d-axis direction on a rotating 
coordinate system of the AC motor to estimate a magnetic 
pole position of the AC motor from a difference between a 
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current generated when the AC pulse voltage signal is 
applied in a positive direction and a current generated when 
the AC pulse voltage signal is applied in a negative 
direction, and the fault detecting means detects inversion 
of an estimated magnetic pole position and out-of- 
synchronism by monitoring a difference in the current 
differences on the d-axis on the rotating coordinate system. 

Preferably, in the motor control apparatus, the 
fault detecting means detects oscillation, inversion and so 
on of an estimated magnetic pole position when a changing 
rate of the estimated magnetic pole position exceeds a 
predetermined set value. 

Preferably, in the motor control apparatus, the 
fault detecting means includes rotational speed calculating 
means for calculating a rotational speed of the AC motor, 
such that the fault detecting means detects oscillation, 
inversion and so on of an estimated magnetic pole position 
when a calculated rotational speed exceeds a predetermined 
set value. 

Preferably, in the motor control apparatus, the 
fault detecting means includes rotational speed calculating 
means for calculating a rotational speed of the AC motor, 
such that the fault detecting means detects oscillation, 
inversion and so on of an estimated magnetic pole position 
when a changing rate of a calculated rotational speed 
exceeds a predetermined set value. 

Preferably, in the motor control apparatus, the 
magnetic pole position estimating means estimates a magnetic 
pole position of a rotor of the AC motor based on a current 



value of the AC motor detected in synchronism with a carrier 
of the PWM signal. The magnetic pole position estimating 
means includes position calculating means for estimating a 
magnetic pole position direction of the rotor of the AC 
motor, and polarity discriminating means for discriminating 
whether the magnetic pole position direction derived from 
the position calculating means is in an N-pole direction or 
in an S-pole direction. The fault detecting means 
determines a fault when the polarity discriminating means 
does not discriminate the magnetic pole position direction 
within a predetermined time period. 

Preferably, in the motor control apparatus, the 
fault detecting means shuts down an associated system when 
the fault detecting means detects a fault, wherein the fault 
includes oscillation, inversion and so on of an estimated 
magnetic pole position. 

Preferably, in the motor control apparatus, the 
polarity discriminating means again corrects the polarity to 
continue a control when the fault detecting means detects a 
fault, wherein the fault includes oscillation, inversion and 
so on of an estimated magnetic pole position. 

In addition, to achieve the above object, the 
present invention provides an electric vehicle equipped with 
a motor control apparatus for controlling a voltage applied 
to an alternating current (AC) motor using a PWM signal. 
The motor control apparatus includes magnetic position 
estimating means for detecting a current of the AC motor to 
estimate a magnetic pole position of the AC motor, and fault 
detecting means for detecting a fault in an estimated 
magnetic pole position of the AC motor. 



BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a block diagram illustrating the 
configuration of the synchronous motor control apparatus 
according to the first embodiment of the present invention ; 

Fig, 2 is an explanatory diagram of a rotating 
coordinate system for use in the synchronous motor control 
apparatus of Fig. 1; 

Fig. 3 is a block diagram illustrating the 
configuration of a carrier synchronized position estimating 
means for use with the synchronous motor control apparatus 
according to the first embodiment of the present invention; 



pi Fig. 4 is an explanatory diagram showing the 



relationship between a phase d of a current difference 
y vector and a phase c of the d-axis in the control system in 
= the position estimating means for use with the synchronous 

£0 motor control apparatus according to the first embodiment of 

Q the present invention; 

Fig. 5 is a flow chart illustrating the method of 
starting the synchronous motor control apparatus according 
to the first embodiment of the present invention; 

Fig. 6 is a block diagreim illustrating the 
configuration of the synchronous motor control apparatus 
according to a second embodiment of the present invention; 

Fig. 7 is an explanatory diagram showing the 
relationship between the operation mode and the power in the 
synchronous motor control apparatus according to the second 
embodiment of the present invention; 

Fig. 8 is a block diagram illustrating the 
configuration of the synchronous motor control apparatus 
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according to a third embodiment of the present inventions- 
Fig. 9 is a block diagram illustrating the 
configuration of the synchronous motor control apparatus 
according to a fourth embodiment of the present invention; 

Figs. lOA, lOB are vector diagrams for forward 
power running for describing the operation of the 
synchronous motor control apparatus according to the fourth 
embodiment of the present invention; 

Figs. IIA, IIB are vector diagrams for foirward 
regeneration for describing the operation of the synchronous 
motor control apparatus according to the fourth embodiment 
of the present invention; 

Figs. 12A, 12B are vector diagrams for reverse 
regeneration for describing the operation of the synchronous 
motor control apparatus according to the fourth embodiment 
of the present invention; 

Figs. 13A, 13B are vector diagram for reverse 
power running for describing the operation of the 
synchronous motor control apparatus according to the fourth 
embodiment of the present invention; 

Fig. 14 is a block diagram illustrating the 
configuration of the synchronous motor control apparatus 
according to a fifth embodiment of the present invention; 

Fig. 15 is an explanatory diagram of a vector 
trajectory of the current difference value in the 
synchronous motor controller according to the fifth 
embodiment of the present invention; 

Fig. 16 is a block diagram illustrating the 
configuration of the synchronous motor control apparatus 
according to a sixth embodiment of the present invention; 



and 

Fig. 17 is a block diagram illustrating the 
configuration of the electric vehicle which is equipped with 
the motor control apparatus according to one embodiment of 
the present invention. 

DETAILED DESCRIPTION OF THE EMBODIMENTS 

To begin with, the configuration and operation of 
a synchronous motor control apparatus according to a first 
embodiment of the present invention will be described with 
reference to Figs • 1 through 5 . 

Fig. 1 is a block diagram illustrating the 
configuration of the synchronous motor control apparatus 
according to the first embodiment of the present invention, 
and Fig. 2 is an explanatory diagram of a rotating 
coordinate system for use in the synchronous motor control 
apparatus of Fig. 1. 

A direct current (DC) voltage from a battery 2 is 
converted to three-phase AC voltages by an inverter 3, and 
applied to an AC synchronous motor 1 . The applied voltage 
is calculated and determined by a controller 4 . 

The controller 4 comprises a current command 
generator 6, a current control unit 7, a d-q converter 8, a 
current detector 9, a three-phase converter 10, a PWM signal 
generator 11, a rotational speed calculating unit 20, a 
carrier type magnetic pole position estimating means 30, and 

a^ fault detector 40. ^ 

^, The current command generator 6 in the controller 

' 4 determines a d-axis curr^t command value idr and a q-axis 
current command value iqr ^or a torque command value r which 



should be generated by the motor 1. Heiefe, the d-axis 
indicates the direction of a magnetic pole position 
(magnetic flux), while the q-axis indicates the direction 
orthogonal to the d-axis, thus defining a rotating 
coordinate system (d-q axes)- Th^ relationship between the 
rotating coordinate system (d-q Axes) and a static 
coordinate system ( axes) is sMown in Fig. 2. 

Since the controller 4 of the first embodiment 
constitutes a current control system on the d-q axes, values 
fed back to the current control unit 7 are a d-axis current 
detection value id* and a q-axis current detection value iq"^ 
which are calculated by converting in the d-q converter 8 
rU the coordinate system of a u-phase current iu and a v-phase 
Sj current iv detected by the current detector 9 using current 
p sensors 5u, 5v, respectively- The current control unit 7 

!^ controls control voltages Vdr, Vqr such that the d-axis 

© current detection value id* and q-axis current detection 

value iq"* match the current command values idr, iqr, 
respectively. The three-phase converter 10 converts the 
control voltages Vdr, Vqr to three-phase control voltages 
Vur, Vvr, Vwr based on a magnetic pole position estimated by 
the carrier type position estimating means 30. The PWM 
signal generator 11 outputs PWM signals Pu, Pv, Pw to the 
inverter 3 based on the three-phase control voltages Vur, 
Vvr, Vwr outputted by the three-phase converter 10. 



As a rotor of /the motor 1 having permanent magnets 
rotates at an angular velocity , the d-q axes also rotate at 
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the angular velocity / so that it is necessary to detect the 
phase from the static coordinate system ( axes) to the 
rotating coordinate^ystem (d-q axes), i.e., a magnetic pole 



position for controlling a current on the d-q axes. In the 
first embodiment, the carrier synchronized magnetic pole 
position estimating means 9 esti4nates the magnetic pole 
position using the u-phase current iu and v-phase current 

, h iv, which are motor currents/ detected by the current 

' ^ / 

detector 9, without using apposition sensor. A signal 
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indicative of the estimated magnetic pole position is 
supplied to the d-q conj/erter 8, rotational speed 
calculating unit 20 an^d three-phase converter 10, 
respectively. 



7. 



The fault detector 40 detects that a fault such as 

Q 

^ inversion, out -of -synchronism, oscillation occurs by some 

t=sr 

fy cause in the magnetic position estimating means 30. Also, 

In 

the fault detector 40 sends a fault signal to the PWM signal 
y generator 11 when it^ detects a fault to stop the PWM signal 

- to shut down the system. When the system need not be shut 

□ 

03 down, the motor 1 may be restarted to return to a normal 



state, thereby continuing the control. 

Next, the configuration and operation of the 
carrier synchronized position estimating means for use in 
the first embodiment will be described with reference to 
Figs. 3 and 4. 



Fig. 3 is a blocK diagram illustrating the 
configuration of the carrier synchronized position 
estimating means 9 for use with the synchronous motor 

control apparatus according to the first embodiment of the 

/ 

present invention, and^Fig. 4 is an explanatory diagram 
showing the relationship between a phase d of a current 



difference vector anc^a phase c of the d-axis in the control 
system in the position estimating means 9. 



As illustrated in Fig. 3, a carrier synchronized 
magnetic pole position estimating means 30 comprises a 
position calculating means 32 and a polarity discriminating 
means 34. The position calculating means 32 in turn 
includes a voltage applying means 32A, a current changing 
amount detecting means 32B, and a phase detecting means 32C. 



The position calculating meaias 32 in the magnetic 
pole position estimating means 30, wh2Lch is in principle 
based on the saliency (Ld^Lq), applies a voltage pulse vdh 
for position estimation in the direction of the d-axis (c) 
in the control system (direction of estimated magnetic pole 
position * ) . Representing the difference between a current 
difference value in a positive ^(^) potential section of a 
pulse generated by applying this voltage pulse vdh and a 
current difference value in a/negative (-) potential section 
of the pulse (hereinafter th,e difference in the current 
difference value between tlie positive potential section and 
H the negative potential section is referred to as the 

"current difference disparity) as a vector, the phase d of 

/ 

the current difference disparity and the phase c of the d- 

/ 

axis in the control system are defined in a relationship as 
shown in Fig. 4. As shown in Fig. 4, when the phase d of 
the current difference disparity vector generated by 
applying the voltage /pulse is made identical to the phase c 
of the d-axis in the control system, the difference between 
the magnetic pole nrosition of the motor and the phase c of 
the d-axis in the icontrol system, i.e., a positional error 
is zero. In othe/r words, the magnetic pole position can be 
estimated. 
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The position calculating means 32 estimates the 
magnetic pole position using the foregoing principle. The 
voltage applying means 32A applies the voltage pulse vdh for 
position estimation in a c direction to the d-axis in the 
control system, and the current changing amount detecting 
means 32B detects motor current difference vectors Pil, Pi2 
for a positive potential section and a negative potential 
section generated by the voltage pulse vdh. Then, the phase 
detecting means 32C calculates a vector phase d which is the 
difference between the motor current difference vectors Pil, 
Pi2, and makes the vector phase d identical to the phase c 
of the d-axis in the control system. In the foregoing* 
manner, the magnetic pole position is estimated . 

The voltage pulse vdh for position estimation 



m 
m 

Q applied in the carrier synchronized position estimating 



means 30 should be at a highest possible frequency in view 
of vibrations and noise. In the first embodiment, the 
frequency of the applied voltage pulse vdh for position 
M estimation is chosen to be the same frequency as a PWM 

carrier of the invertor. Thus, the controller 4 fetches a 
motor current in synchronism with the PWM carrier, and 
calculates a current difference value between the positive 
potential section and the negative potential section of the 
voltage pulse. 

As described above, the carrier synchronized 
position estimating means 30 applies the voltage pulse vdh 
at the same frequency as the PWM carrier, fetches the motor 
current in synchronism with the PWM carrier, and calculates 
the current difference value generated by applying the 
voltage pulse vdh, thereby making it possible to estimate 
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the magnetic pole position with high responsibility, low 
noise and few torque ripple. In addition, since the carrier 
synchronized position estimating means 30 relies on the 
inductance characteristic of the motor, the magnetic pole 
position can be accurately estimated not only during middle 
and high speed operations of the motor but also during 
stopping and low speed operations of the motor in which the 
induced voltage is generally difficult to detect . 

It should be noted howeve^ that since the 
inductance of a synchronous motor iiaving a saliency changes 
at a period of 180- of the magnetic pole position, the 
magnetic pole position can be estimated by the magnetic pole 
estimating method based on th^^ Inductance over a limited 
range of 180- . Therefore, the carrier synchronized position 
estimating means. 30 cannot determine whether a resulting 
estimated magnetic pole pos'^tion direction is in the N-pole 
direction () or in the S-p^le direction {+) at the time the 

/ 

motor is started. To overcome this inconvenience, the 

/ 

carrier synchronized position estimating means 30 comprises 
a polarity discriminating means 34 for discriminating the 
polarity of an estima^d magnetic pole position. 



The polarity discriminating means 3 4 determines 
the polarity of a position upon starting of the motor. One 
example of the polarity discriminating means 34 employs the 
magnetic saturation characteristic of the motor. The 
polarity discriminating means 34 according to the first 
embodiment discriminates the polarity based on the 
difference between the value of inductance generated when a 
positive current is supplied in the d-axis direction of the 
synchronous motor and the value of inductance generated when 



a negative current is supplied. Specifically, since the 
magnetic flux is established by permanent magnets embedded 
in a rotor in a permanent magnet synchronous motor, smaller 
inductance is generated due to magnetic saturation when the 
positive current is supplied even if the positive and 
negative currents of the same magnitude are supplied in the 
d-axis direction. The polarity discriminating means 34 
makes use of this characteristic. Since the carrier 
synchronized magnetic pole position estimating means 30 
applies the voltage pulse vdh for position estimation in the 
estimated magnetic pole position direction, the polarity 
discriminating means 34 supplies a current for 
discriminating the polarity in the d-axis direction in the 
control system, and calculates a d-axis current difference 
value generated by the voltage pulse vdh to find the 
inductance on the d-axis. 

Next, a method of starting the motor control 
apparatus according to the first embodiment will be 
described with reference to Fig. 5. 

Fig. 5 is a flow chart illustrating the method of 
starting the synchronous motor control apparatus according 
to the first embodiment of the present invention. 



While the carrier synchronized magnetic pole 
position estimating meaAs 30 of the first embodiment is 
capable of estimating the magnetic pole position over a wide 
range from an inoperative state to a high speed operation, 
the magnetic pole position estimating means 30 principally 
relies on the inductance characteristic of the motor, so 
that it cannot discriminate whether the position estimated 



/ 



at the start of thfe motor corresponds to the N-pole 
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direction ( direction) or the/S-pole direction (+ 
direction) . / 

At step SI in Fig. 5, the carrier synchronized 
magnetic pole position estimating means 30 applies the 
voltage pulse vdh for position estimation synchronized to 
the PWM carrier in the d-axis direction in the control 
system at the start of the motor , 

Next, at step S2 , the estimating means 30 
calculates a vector phase d of a current difference 
disparity between the positive potential section and the 
negative potential section of the voltage pulse vdh. 

Then, at step S3, the estimating means 30 matches 
the vector phase d of the current difference disparity with 
the phase c of the d-axis in the control system to calculate 
an estimated magnetic polarity position. 

Since the polarity is still unknown at this time, 
the estimating means 30 further supplies a predetermined 
positive current in the previously found estimated magnetic 
pole position direction to calculate the value of a current 
difference in the d-axis direction in the control system 
generated by the voltage pulse vdh at step S4- 

In continuation, at step S5, the estimating means 
30 compares the current difference value calculated at step 
S4 with a previously set threshold. 

At steps S6, S7,/the estimating means 30 
discriminates the polarity of the estimated magnetic 
polarity position direct/on based on the result of 
comparison at step S5. /specifically, at step S6, if the 
current difference value in the d-axis direction in the 
control system is larger than the threshold, the estimating 



means 30 determines the N pole since lyfl is smaller, and 
defines the d-axis direction in the control system as an 
estimated magnetic pole position * . / On the other hand, at 
step S7, if the current difference^ value in the d-axis 
direction in the control system /s smaller than the 
threshold, the estimating means/ 30 determines the S pole 
since Ld is larger, and correorts the d-axis direction in the 
control system by 180- to de/ine the corrected direction as 
an estimated magnetic pole position " . 

Described above is the operation of the carrier 
synchronized magnetic pole position estimating means 30 at 
the start of the motor. In this magnetic pole position 
estimating means, the threshold at step S5 may include 
hysteresis such that a fault is determined if current 
difference value does not indicate the N pole or the S pole 
for a certain set time period, thereby making it possible to 
find a fault in the system at the stage of starting. 

It should be noted that the polarity 
discriminating means 34 is not limited to the one described 
above. For example, the polarity discriminating means 34 
may supply currents in the positive and negative directions 
along the d-axis in the control system, compare a current 
difference value generated by the voltage pulse when the 
current is supplied in the positive direction with a current 
difference value generated by the voltage pulse when the 
current is supplied in the negative direction, and 
discriminate the polarity based on the result of comparison. 
Further, in the foregoing description, the current supplied 
in the estimated magnetic pole position direction has such a 
magnitude that causes the magnetic saturation. 
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Alternatively, a smaller current may be supplied as long as 
such currents cause a difference in Ld detected by the 
voltage pulse when such a smaller current is supplied in the 
positive direction and in the negative direction. Also, 
since an induced voltage is generated when the motor is 
rotating at the time of starting, the polarity can be 
discriminated from a change in current when the motor is in 
an equi-potential state, i.e., when the motor is short- 
circuited. As previously described, since the equi- 
potential state of the motor exists in a normal PWM control, 
the equi-potential state need not be additionally generated. 

o 

In this event, when a change in current in the equi- 
pi potential state is smaller than a predetermined value, the 
polarity is discriminated taking advantage of the magnetic 

•a 

D saturation characteristic, on the assumption that the motor 

O 

s is in a low speed range. 




After the carrier sjj^nchronized magnetic position 
estimating means 30 determines the estimated magnetic pole 
position * at the time of sicarting, the polarity need not be 
discriminated in principl^ The estimation of position can 
be continued only with the position calculating means 32 
except for the polarity ^determining means 34, after the 

/ 

motor is started. However, when the motor is not in 
operation, the polarit;/ discriminating means 34 may be 
operated at predetermined time intervals to check the 



polarity of the currently estimated magnetic pole position 
for effectively preventing the inversion of the polarity. 
If this check shows/ that the polarity determined by the 
polarity discriminating means 34 differs from the polarity 
of the currently Estimated magnetic polarity position , the 
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polarity should be corrected, Mi this way, even if the 

polarity of the estimated magnetic pole position " has been 

/ 

inverted by some cause while the motor is not in operation, 
the polarity can be promptly/corrected • 

In the first embodiment, when inversion of the 
estimated magnetic pole position, out -of -synchronism, 
oscillation and so on are detected, the system may be shut 
down regarding that a fault has occurred. Also, when the 
estimated magnetic pole position is inverted, the polarity 
discriminating means 34 may be used to again discriminate 
the polarity, and return to the normal magnetic pole 
position for continuing the control. 

While the first embodiment employs motor currents 
in two phases, i.e., U-phase and V-phase, any combination of 
two out of three phases including the W-phase current may be 
used. In addition, all of the three phases may be detected 
to use three-phase currents. 

Also, while the first embodiment shows a torque 
control system in which the controller is supplied with a 
torque command, a speed control system and a position 
control system may be provided at levels higher than the 
torque control system without any hinderance. When a speed 
control system is provided, a motor speed estimated value m* 
calculated from the amount of change in estimated magnetic 
pole position over time in the rotational speed calculating 
unit 20 may be used as a speed feedback value. 

As described above, the synchronous motor control 
apparatus according to the first embodiment can be applied 
to the carrier synchronized position estimating method as 
well and have protection-related functions such as detection 



of inverted magnetic pole position of a motor in a simple 
method. 

Next, the configuration and operation of a 
synchronous motor control apparatus according to a second 
embodiment of the present invention will be described with 
reference to Figs . 6 and 7 . 

Fig. 6 is a block diagram illustrating the 
configuration of the synchronous motor control apparatus 
according to the second embodiment of the present invention, 
where the same reference nvmierals as those in Fig, 1 
designate the same components . 

A fault detecting means 40 comprises an 
instantaneous power calculating unit 41, an operation mode 
processing unit 42, and a phase inversion determining unit 
43. The magnetic pole position can be estimated by the 
magnetic pole position estimating means 30 over a limited 
range of 180- , so that if an estimated magnetic pole 
position has been inverted by some cause by 180- , the 
inversion of the position is detected by a fault detecting 
means 40. 

The instantaneous power calculating unit 41 
calculates the output instantaneous power of the motor by 
the following equation (1): 

P = vu*=t^iu* + w*+iv* + vw*+iw* ... (1)' 

where vu* is a u-phase voltage command value, and iu* is a 
u-phase detected current value. The same is applied to the 
v-phase and w-phase as well. From equation (1), current 
instantaneous power can be known. Also, if actual voltages 
of the U-, V- w-phases can be measured, the actual voltages 
may be used instead of the voltage command. The actual 



input /output relationship can be known from this 
instantaneous power , 

An operation mode which is to be currently 
operated can be found in the operation mode processing unit 
42 from a torque command r and a estimated motor speed m 
outputted from the rotational speed calculating unit 20. 

Here, the relationship between the operation mode 
and the power will be described with reference to Fig. 7. 

Fig. 7 is an explanatory diagram showing the 
relationship between the operation mode and the power in the 
synchronous motor control apparatus according to the second 
embodiment of the present invention. 

As shown in Fig. 7, assuming that an estimated 
magnetic pole position is inverted, an operation mode to be 
currently operated is in unmatched input/output relationship 
with the instantaneous power. Therefore, the phase 
inversion determining unit 43 relies on the input/output 
relationship between an operation mode determined by the 
operation mode processing unit 42 and the instantaneous 
power calculated by the instantaneous power calculating unit 
41 to determine that an estimated magnetic pole position is 
inverted. 

As described above, the synchronous motor control 
apparatus according to the second embodiment can be applied 
to the carrier synchronized position estimating method as 
well and have protection-related functions such as detection 
of inverted magnetic pole position of a motor in a simple 
method. 

Next, the configuration and operation of a 
synchronous motor control apparatus according to a third 
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embodiment of the present invention will be described with 
reference to Fig. 8. 

Fig. 8 is a block diagram illustrating the 
configuration of the synchronous motor control apparatus 
according to the third embodiment of the present invention, 
where the same reference n\imerals as those in Figs. 1, 6 
designate the same components. 




In the third embodiment/ a fault detector 40A 
comprises an input power calcul^ing unit 44 instead of the 
instantaneous power calculating unit 41 illustrated in Fig. 
_ 6. The input power calculatiiag unit 14 calculates input 
%0 power from a product of a D(/ voltage VB of a battery 2 

detected by a resistor 25 afnd a DC current IB detected by a 



current sensor 26. A phase inversion determining unit 43 
relies on the input /outpnt relationship between an operation 

M j 

mode determined by the yoperation mode processing unit 42 and 
^ the input power calcui^ted by the input power calculating 

unit 41 to determine /that an estimated magnetic pole 
^ position is invertec 

4^. Z. : 

When the DC voltage is a constant positive 

voltage, an actual input /output relationship may be known 

only with the sign of the DC current. 

As described above, the synchronous motor control 

apparatus according to the third embodiment can be applied 

to the carrier synchronized position estimating method as 

well and have protection-related functions such as detection 

of inverted magnetic pole position of a motor in a simple 

method. 

Next, the configuration and operation of a 
synchronous motor control apparatus according to a fourth 
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embodiment of the present invention will be described with 
reference to Figs. 9 through 13. 

Fig. 9 is a block diagram illustrating the 
configuration of the synchronous motor controller according 
to the fourth embodiment of the present invention, where the 
same reference numerals as those in Figs. 1, 6, 8 designate 
the same components . 

A fault detector 40B comprises an operation mode 
processing unit 42 and a phase inversion determining unit 
43B. The phase inversion determining unit relies on a 
relationship between an operation mode determined by the 
operation mode processing unit 42 and a voltage outputted by 
a current control unit 7 to determine that an estimated 
magnetic pole position is inverted. 

Figs. lOA, lOB are vector diagrams for forward 
power running for describing the operation of the 
synchronous motor control apparatus according to the fourth 
embodiment of the present invention. Fig. lOA shows a 
normal vector for forward power running, while Fig. lOB 
shows a vector when the estimated magnetic pole position is 
inverted. 

During the forward power running, i.e. , normal 
operation, a voltage vector is represented in a fourth 
quadrant by an induced voltage of the motor and weak field 
control as shown in Fig. lOA. Also, the d-axis recognized 
by the controller 4 matches the actual d-axis, wherein the 
phase of the voltage vector with respect to the d-axis is 
in a range of 90- to 180- . In this event, assuming that the 
estimated magnetic position is inverted by some cause, the 
d-axis recognized by the controller 4 is inverted by 180- 



from the actual d-axis. Also, current commands on the d- , 
q-axes are reverse to the actual axe. Therefore, as shown 
in Fig. lOB, the current vector is represented in a second 
quadrant. The voltage vector is represented in a first 
quadrant since the direction of the q-axis current command 
is inverted. 

Here, the phase of the actual voltage vector with 
respect to the d-axis recognized by the controller 4 is in a 
range of 180- to 270- , as shown in Fig. lOA. Therefore, the 
phase inversion detector 43B determines whether or not the 
estimated magnetic pole position is inverted by monitoring 
the relationship between the d-axis recognized by the 
controller 4 and the phase of the actual voltage vector. 

Figs. IIA, IIB are vector diagrams for forward 
regeneration for describing the operation of the synchronous 
motor controller according to the fourth embodiment of the 
present invention. Fig. IIA shows a normal vector for 
forward regeneration, and Fig. IIB shows a vector when an 
estimated magnetic pole position is inverted. 

Similarly to Figs. lOA, lOB, the phase is 
normally in a range of 0- to 90- for the forward 
regeneration, but in a range of 270- to 360- when the 
estimated magnetic pole position is inverted. Likewise for 
reverse regeneration, the phase when the estimated magnetic 
pole position is normal is different from that when the 
estimated magnetic pole position is inverted, thereby making 
it possible to determine that the estimated magnetic pole 
position is inverted. 

Figs. 12A, 12B are vector diagrams for reverse 
regeneration for describing the operation of the synchronous 



motor controller according to the fourth embodiment of the 
present invention. Fig. 12A shows a normal vector for the 
reverse regeneration, while Fig. 12 shows a vector when an 
estimated magnetic pole position is inverted. 

Similarly to Figs. lOA, lOB, the phase when the 
estimated magnetic pole position is normal is different from 
that when the estimated magnetic pole position is inverted, 
thereby making it possible to determine, for the reverse 
regeneration as well, that the estimated magnetic pole 
position is inverted. 

Figs. 13A, 13B are vector diagram for reverse 
power running for describing the operation of the 
synchronous motor control apparatus according to the fourth 
embodiment of the present invention. Fig. 13A shows a 
normal vector for the reverse power running, while Fig. 13B 
shows a vector when an estimated magnetic pole position is 
inverted. 

Similarly to Figs. lOA, lOB, the phase when the 
estimated magnetic pole position is normal is different from 
that when the estimated magnetic pole position is inverted, 
thereby making it possible to determine, for the reverse 
power running as well, that the estimated magnetic pole 
position is inverted. 

Paying attention to the q-axis voltage command 
which is a q-axis component of a voltage command vector, the 
q-axis voltage command is in the positive direction when the 
motor is forwardly rotated and in the negative direction 
when the motor is reversely rotated since it is normally 
affected largely by an induced voltage. However, if the 
estimated magnetic pole position is inverted by some cause. 



the q-axis voltage is represented in the same direction 
since the rotating direction of the motor remains unchanged, 
whereas the q-axis voltage command is recognized in the 
reverse direction since the phase recognized by the 
controller 4 is inverted. By taking advantage of this 
relationship to monitor the rotating direction of the motor 
and the sign of the q-axis voltage command, it is possible 
to determine whether or not an estimated magnetic pole 
position is inverted. 

As described above, the synchronous motor control 
apparatus according to the fourth embodiment can be applied 
to the carrier synchronized position estimating method as 
well and have protection-related functions such as detection 
of inverted magnetic pole position of a motor in a simple 
method. 

Next, the configuration and operation of a 
synchronous motor control apparatus according to a fifth 
embodiment of the present invention will be described with 
reference to Figs. 14 and 15. 

Fig. 14 is a block diagram illustrating the 
configuration of the synchronous motor control apparatus 
according to the fifth embodiment of the present invention, 
where the same reference numerals as those in Figs. 1, 6, 8, 
9 designate the same components. 

A fault detector 40C comprises an operation mode 
processing unit 42 and a phase inversion determining unit 
43C. The phase inversion determining unit 43C relies on the 
relationship between an operation mode determined by the 
operation mode processing unit 42 and current difference 
values Pil, Pi2 outputted from a magnetic pole position 



estimating means 30 to determine that an estimated magnetic 
pole position is inverted. 

The phase inversion determining unit 43C estimates 
a magnetic pole position from the current difference values 
which are generated by applying a voltage pulse for magnetic 
pole position estimation- Since the current difference is 
generated by the inductance of the motor, the current 
difference value differs when the voltage pulse is applied 
in the d-axis direction and when the voltage pulse is 
applied in the q-axis direction for a salient synchronous 
motor which has inductance Ld on the d-axis different from 
inductance Ld on the q-axis. Since the salient synchronous 
motor exhibits a relationship expressed by Ld<Lq, a larger 
current difference is generated when the voltage pulse is 
applied on the d-axis than when applied on the q-axis. 

Fig. 15 is an explanatory diagram of a vector 
trajectory of the current difference value in the 
synchronous motor control apparatus according to the fifth 
embodiment of the present invention. Fig. 15 shows a vector 
trajectory of the current difference value on the d-q axes. 

When an estimated magnetic pole position is 
correct, the current difference value presents a large value 
since the voltage pulse is applied in the d-axis direction . 
However, if the estimated magnetic pole position is shifted 
by some cause, the voltage pulse intended for application in 
the d-axis direction is also applied in the q-axis 
direction. Further, when the estimated magnetic pole 
position is shifted by 90-, the voltage pulse is fully 
applied to the q-axis direction. Since the current 
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difference value becomes smaller when the voltage pulse is 
applied in the q-axis direction, a shift in the estimated 
magnetic pole position can be detected by monitoring the 
current difference value. In addition, since the direction 
in which the voltage pulse is applied also passes the q-axis 
direction, shifted by 90- from the d-eixis when the estimated 
magnetic pole position is inverted, the shift can be sensed 
before the estimated magnetic pole position is completely 
inverted. It is therefore possible to prevent the inversion 
at an earlier timing. 

Alternatively, the inversion of the estimated 
magnetic pole position, out -of -synchronism, shift and so on 
can be detected using a current difference disparity instead 
of the current difference value. 

As described above, the synchronous motor control 
apparatus according to the fifth embodiment can be applied 
to the carrier synchronized position estimating method as 
well and have protection-related functions such as detection 
of inverted magnetic pole position of a motor in a simple 
method. 

Next, the configuration and operation of a 
synchronous motor control apparatus according to a sixth 
embodiment will be described with reference to Fig. 16. 

Fig, 16 is a block diagram illustrating the 
configuration of the synchronous motor control apparatus 
according to the sixth embodiment of the present invention, 
where the same reference numerals as those in Figs. 1, 6, 8, 
9 designate the same components. 

A fault detectoy 40D comprises a phase inversion 
determining unit 43D. Tne phase inversion determining unit 




43D determines that the estimated magnetic W)le position is 

inverted, in relation to a changing rate yof an estimated 

magnetic pole position outputted by a majgnetic pole position 

estimating means 30. 

The carrier synchronized pcfsition estimating means 

30 may experience, by some cause, i/nversion of estimated 

magnetic pole position, out -of -synchronization , and 

oscillation of the estimated magnetic pole position. To 

detect this oscillation, the phase inversion determining 

unit 43D monitors a changing rate of the estimated magnetic 

pole position. Since the mametic pole position may vary in 

a maximum operating frequencfy range, the oscillation or the 

like, if any, would result /in an extremely large changing 

'^l rate of the estimated magnetic pole position. It is 

O therefore possible to de/ect the oscillation when the 
□ / 

3 changing rate exceeds a/certain set value which is 

m determined from the maximum operating frequency. 
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Also, since a larger changing rate of the 
estimated magnetic pole position results in a higher 
estimated rotational speed, oscillation of estimated 
magnetic pole position can be found when the estimated 
rotational speed exceeds the maximum operating frequency. 
Furthermore, monitoring the changing rate of the estimated 
rotational speed is effective in sensing the oscillation of 
estimated magnetic pole position. 

Since the oscillation of estimated magnetic pole 
position is a phenomenon which could occur in any magnetic 
pole position estimating method, this method of detecting 
the oscillation of estimated magnetic pole position is 
effective in any magnetic pole position estimating methods 
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using any approaches - 

Next, an electric vehicle using the motor control 
apparatus according to any of the foregoing embodiments will 
be described with reference to Fig. 17. 

Fig. 17 is a block diagram illustrating the 
configuration of the electric vehicle which is equipped with 
the motor control apparatus according to one embodiment of 
the present invention, where the same reference numerals as 
those in Fig. 1 designate the same components. 




A body 100 of the electri^ vehicle is supported by 
four wheels 110, 112, 114, 116. Since the illustrated 
electric vehicle is forward -wheel: driven, a motor 1 is 
directly coupled to a front ax^ 154. A controller 4 
controls a driving torque of the motor 1 . A battery 2 is 
provided as a power source for the controller 4 . The power 
from the battery 2 is supplied to the motor 1 through the 
controller 4 to drive the /motor 1 , and rotate the wheels 
110, 114. The rotation of a steeling wheel 150 is 
transmitted to the two ^wheels 110, 114 through a 
transmission mechanism comprised of a steeling gar 152, a 
tie rod, knuckle arny; and so on to change the angle of the 
wheels . 

The control apparatus according to the respective 
embodiments can be applied to any motor control apparatus 
intended for a permanent magnet synchronous motor 
irrespective of applications , Among others , the present 
invention is particularly suitable for electric vehicles and 
hybrid vehicles. This is because the system free of 
position sensors is effective in reducing the cost, and 
elimination of attachment, adjustment and maintenance of the 
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sensor is particularly effective for an apparatus having a 
complicated structure. Vrtien any of the embodiments is 
applied to an electric vehicle or a hybrid vehicle, it is 
possible to employ a magnetic pole position estimating means 
which generates relatively large noise when a motor is 
stopped or running at a low speed and a magnetic pole 
position estimating means which generates no noise when the 
motor is running at a middle or high speed. In this way, an 
electric vehicle or a hybrid vehicle, which hardly generates 
noise when it is stopped or running at a low speed, can let 
walkers be conscious of the vehicle, thereby making it 
possible to ensure the safety. 

As appreciated from the foregoing description, the 
synchronous motor controlling apparatus according to the 
present invention can be applied to the carrier synchronized 
position estimating method as well and have a protection 
function such as detection of inverted magnetic pole 
position of a motor in a simple method - 
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